A model of the Io plasma torus has been constructed using the in situ plasma measurements of Voyager 1. A sharp gradient in plasma temperature of-•.7 x 105 K R• -l at 5.7 R• divides the torus into two parts, a cold inner region, where the ions are closely confined to the centrifugal equator, and a warm outer region, which includes the orbit of Io and has a thickness scale height of 1 R•. The outer edge of the warm torus is defined by a drop in plasma density near 7.5 R•. The bulk motion of the plasma, i.e., the average velocity vector, is within 1% of the value expected on the basis of strict corotation in the inner part of the torus but probably deviates by 5 to 10% from ½orotation outside the torus. This breakdown from ½orotation may occur at the outer boundary of the warm torus. The energy per charge spectra show well-resolved peaks in the inner part of the torus but strongly overlapping peaks in the outer part. In the inner torus there is a significant variation in the abundances of different ionic species over' spatial scales < 104 km. However, in the plasma sheet of the middle magnetosphere the ionic composition appears to be uniform from 12 to 42 R• and is strongly dominated by ions with a ratio of atomic mass to charge of 16. These ions are most probably some combination of O + and S 2+ ions. One consequence of the observation is that the Alfven speed is uniformly low in the outer part of the torus, with values less than 250 km S --1.
INTRODUCTION
The dominant feature of the inner magnetosphere of Jupiter is the dense torus of plasma associated with the satellite Io. The population of heavy ions found in this region has been both a major result and a major surprise of the Voyager 1 encounter with Jupiter and is based on data of many experiments onboard the spacecraft. This paper presents the results of direct measurements of low-energy positive ions in Jupiter's inner magnetosphere within a radial distance from the planet of less than about 10 Jovian radii (R•) and compares the composition of the ions observed in this region with that found in the middle magnetosphere (R < 42 R•).
Prior to the encounter of Voyager 1 the only direct information about the properties and composition of plasma in the inher Jovian magnetosphere came from measurements carried out on Pioneer 10 and 11 by the plasma probe and ultraviolet photometer. Neither of these instruments gave results which were interpreted in terms of a dense torus of heavy ions. The Pioneer 10 plasma instrument did detect low-energy positive ions, interpreted as protons, near Io's orbit [Frank et al., 1976] . Although it has subsequently been shown that these ions could not have been protons but were probably heavy ions coming from Io [Neugebauer and Eviatar, 1976; Goertz and Thompsen, 1979] , the experiment did not provide hard evidence concerning the plasma environment near the orbit of plasma data discussed in this paper are most naturally interpreted under the assumption that the warm toms plasma corotates out to about 7.5 R/but that strict corotation breaks down at this outer edge. This conclusion is in good agreement with that of Kaiser and Desch [1980] , who find that the plasma at 8-9 Rj rotates around Jupiter at a rate 3-5% slower than the rotation of the planet.
Initially, this paper discusses the details of positive ion measurements made in the inner magnetosphere; the analysis of those measurements to obtain plasma composition, flow speeds, and temperatures; and the assumptions made in the analysis. These results for the positive ions are then combined with the direct measurements of plasma electrons between 5.7 and 9 R• [Scudder et al., this issue] and with a theoretical distribution of plasma along dipolar magnetic field lines to construct a two-dimensional model of the plasma torus. The implications of the model about the nature of the plasma source at Io and about subsequent transport are discussed in later sections of this paper. Finally, in a preliminary investigation of the interaction of Io with the plasma toms, the speed of propagation for Alfven waves near Io has been calculated.
MEASUREMENTS

Instrument
The Voyager plasma science instrument consists of a main sensor of three modulated-grid Faraday cups (A, B, C) symmetrically positioned about an axis antiparallel to the spacecraft Z axis, which generally points away from the earth, and a fourth cup (the side sensor, D) pointed at right angles to the Z axis. A full description of the instrument is given by Bridge et al. [1977] . Throughout most of the inbound leg of the trajectory, before 0500 UT on March 5, 1979, the side sensor was pointed into the azimuthal flow of plasma around Jupiter. As the spacecraft approached the planet, the viewing geometry changed rapidly so that after 0500 UT the main sensor was swept into the direction of corotational flow and then rapidly away after closest approach at 1204 UT.
The response of the sensors to high sonic Mach number (>10) plasma flow at angles •<60 ø into the cups is predominantly due to geometry [ Vasyliunas, 1971 ; see Belcher et al., 1980] . For flow at more oblique angles the response is more complex, and analysis of the data on the outbound leg through the torus is as yet incomplete, although it will be eventually extended to at least 1600 UT (7 R j).
Positive In this discussion we have assumed that the potential of the spacecraft is zero. In fact, the spacecraft charge is not zero, and a given peak in the energy per charge spectrum is displaced by an amount proportional to the spacecraft potential multiplied by A/Z*; i.e., the effect is greatest for lighter ions. A comparison of the location of the well-resolved peaks in the spectra at A/Z* values of 8, 16, and 32 indicates a spacecraft charge of 8 +_ 5 V in the inner torus. In the outer (warm) torus, where the spectral peaks overlap, it is not possible to measure the potential of the spacecraft directly. However, values as large as 40 V would introduce errors in relative abundances of the positive ionic species which would be smaller than the actual uncertainties in their determination due to model dependences. The possibility of the spacecraft having a potential of a much greater magnitude is discounted because of the close agreement in the values of the total charge density as determined by the plasma positive ion measurements with the values determined from observations of plasma waves by the
Planetary Radio Astronomy experiment (as illustrated below).
Analysis of the resolved spectra in the cold region of the torus proceeds as follows. Each energy per charge spectrum is converted to the corresponding velocity distribution function and is analyzed using a simultaneous fit to a sum of convected isotropic Maxwellian distribution functions with the sum over the assumed values of A/Z*. It is assumed that all species have a common bulk velocity. Spectra with well-resolved peaks (such as that shown in Figure 2 ) are well fit by this procedure assuming the peaks are at values of A/Z* --8, 16, 32, and 64. For each ionic species the fit determines the number density and thermal speed; it also determines for all species a common component of velocity in the direction normal to each plasma sensor. For those cases where simultaneous spectra are available from the A, B, and C sensors, this procedure yields three components of the plasma velocity vector and three independent measurements of density and thermal speed.
Unfortunately, single peaks do not always correspond to a single ionic species, and the determination of kinetic temperatures is complicated for this reason. The most troublesome example in the Io torus and throughout the magnetosphere is at A/Z* --16, the common ratio for S 2+ and O +. In this example and under the assumption that the ions are isothermal, the width of the O + peak is larger than that of the S 2+ peak, and the experimental data can be fitted by suitable proportions of the two ions. For the spectrum in Figure 2 plot. After 1000 UT in the cold inner torus, three peaks stand out in the energy per charge spectra at A/Z* --32, 16, and 8; the relative amplitudes of these peaks vary systematically; maximum values for the individual ionic species occurred at 1030, 1050, and 1130 UT, respectively. Before 0930 UT in the outer torus the spectra are characterized by a single broad peak in F•, at about A/Z* --16. Noise due to interference from another instrument on the spacecraft causes the notch near 20 V in many of the 160 positive ion spectra displayed. The measured currents reached the saturation level for only one spectrum (at 0937 UT), which shows up as a spike at 300 V in this figure (the saturated channels are not plotted). The back panel shows, as a function of time, the positive charge density determined from fits to each spectrum assuming only ions with A/Z* between 8 and 64 are present. The local maxima in the charge density profile at 0902, 0924, and 1016 UT are labeled as peaks 1, 2 and 3, respectively.
Charge Density
To preserve local charge neutrality, the total positive charge density must equal the electron density; thus measurements of the positive charge density should equal the total electron number density assuming that the contribution of ions with A/Z* < 8 (i.e., ions below the energy per charge threshold of the instrument) is negligible. A radial profile out to 9 R• of the electron density determined from fits to the positive ion spectra and from the Planetary Radio Astronomy (PRA) experiment [Birmingham et al., this issue] is shown in Figure 6 . There is close agreement between the two measurements over the entire region, indicating that most of the ions have A/Z* > 8. Again, the three local maxima are labeled as in the previous figure.
the fitting procedure depend critically on assumptions concerning (1) the composition, (2) the temperature, and (3) the bulk motion. The range of uncertainty in these parameters is, of course, limited by arguments of physical plausibility. Results of the fitting procedure in the warm torus and the possible range of parameters which are consistent with the data are discussed in detail in subsequent sections. An example of the fit to the data in this region is shown in Figure 4a Finally, it should be emphasized that the volume density of charge and the volume density of mass associated with a resolved spectral peak at some value of A/Z* can be obtained directly from the analysis and that these quantities do not depend on ionic composition or charge state of the ions in the peak 
Temperature
In the inner torus, independent determinations of the thermal speed for each ionic species from the well-resolved peaks in the spectra from all three cups of the main sensor indicate that the positively charged component of the plasma is predominantly isothermal at temperatures of a few electron volts or less. To interpret the spectra obtained in the outer part of the torus where the spectral peaks overlap, it is necessary to assume something about the thermal state of the plasma. The obvious association of the plasma torus with Io suggests that ions are produced by ionization of neutral atoms or molecules which have come from the satellite. When neutrals leave Io and are ionized, they experience a Lorentz force due to their motion relative to the corotating magnetic field; this force causes the ions to gyrate about the magnetic field at a speed equal to the magnitude of the neutral's initial velocity in the rest frame of the surrounding plasma and also causes the particles' guiding centers to move with the field. $iscoe [1977] has considered the pickup process in detail and predicted a 'tin can' velocity space distribution for each ionic species produced in this way. However, the observed torus densities are In fitting the positive ion spectra, it is necessary to assume either a bulk flow or a particular composition. In the cold inner torus, assigning the three main peaks A?Z* ratios of 8, 16, and 32 suggests that the ions had the same average component of velocity into each sensor and that value was within 1% of the value expected for corotation (compare Figure 3) . Since all three cups of the main sensor collected large fluxes at this time, the components of the bulk velocity of the plasma into each cup can be combined to construct the velocity vector of the plasma flow. When these in situ flow velocity measurements were combined with the local magnetic field measured by the Voyager magnetometer (iN. F. Ness, private communication, 1979), the plasma had a small field-aligned component in the same direction as the magnetic field. Measurements of the plasma flow velocity vectors will be discussed in a future publication.
Outside the toms at radial distances greater than 12 there are several well-resolved peaks in the energy per charge spectra which could not be associated with any reasonable combination of A/Z* values if the plasma is taken to be corotating The existence of resolved spectra at both larger and smaller radial distances suggests that the broad spectral feature observed between 5.7 and 12 R• consists of the sum of peaks corresponding to a similar set of ionic species. Ions at higher temperatures have wider distribution functions and hence may combine together to form a single broad spectral peak. There is additional evidence for the presence of several ionic species from the shoulder at higher energy per charge due to ions of A/Z* = 64 and from variations in the shape of the broad peak when the plasma cools sufficiently to make two peaks discernible. The discussion above has been confined to the ionic species that dominate the plasma in number density. There is also evidence for various minor species. Sometimes there is a resolved spectral peak such as the proton peak in Figure 8 , the SO2 + peak in Figure 3 , or the Na + peak in Figure 1 of Sullivan and Bagenal [1979] . At other times the minor species may produce a shoulder on the edge of a spectral peak (for example, SO2+). Finally, upper limits can be put on the densities of ions which come between two resolved spectral peaks as illustrated for Na + and SO + in Figure 3 . When fitting a gap in a spectrum between two peaks, the minor ionic species is chosen for its plausibility. An upper limit for the density of any other ionic species with a similar/l/Z* ratio could be determined in the same way.
In the middle magnetosphere, protons compose up to ~30% of the number density, their importance increasing with distance away from the plasma sheets [McNutt and Belcher, this issue]. In the inner magnetosphere the kinetic energy of pro- Finally, it should be noted that the upper limits on the densities of minor species discussed above are speculative and some of these spectral features could well be due to alternative minor ionic species to those suggested or due to non-Maxwellian components in the distribution of the major ions. The details of the method used to extrapolate the plasma measurements are discussed in the appendix. The exponential scale height distribution of Hill and Michel [1976] , previously applied to some of the plasma data , has been replaced by expressions which include the electrostatic interaction between different ionic species. However, the concept of a 'scale height' is a useful one, so it has been used to give an approximate idea of how rapidly the density varies with distance from the centrifugal equator.
A centered tilted dipole magnetic field has been used to determine the geometry of a field line in the meridional plane at the instantaneous longitude (System III) of the spacecraft at the time of each measurement on the inbound leg of the trajectory. Then the plasma density and temperature along the instantaneous field line is computed using the expressions derived in the appendix to extrapolate the local charge density. Finally, by linearly interpolating between the calculated densities, the plasma densities have been mapped out on a surface that makes a cross section of the toms. The surface includes the inbound spacecraft trajectory and the dipole magnetic field line associated with the location of the spacecraft at the time of each measurement. The resulting contour map of total charge density on this surface is shown in Figure 12 as a plot of density as a function of radial distance from the center of Jupiter and distance from the centrifugal symmetry surface (centrifugal equator). The apparent asymmetry about the centrifugal equator is due to the geometry of the tilted dipole. While both the inbound and outbound trajectories of the spacecraft are shown, the map is based solely on data obtained on the inbound pass.
Outside the toms (>7.5 Rj) the plasma had a fairly uniform low density of ~ 100 cm-L As Voyager 1 moved radially inward, the density rapidly increased as the spacecraft entered the torus (at •7.5 R j) from below the centrifugal equator. After crossing the equator at •7.1 R j, the spacecraft remained less than 0.15 Rj above and traversed the core of the warm toms, passing over the small region of the peak torus density (-•3000 cm -3) at 5.8 Rj, which corresponds to the sharp spike Longitudinal variations in the ultraviolet emissions from the outer (warm) torus are not evident from the Voyager data, though the experimenters report that the emission intensities from the dusk quadrant (local time) are enhanced by a factor of,•2 [Sandel, 1980] . As these variations in emission with System III longitude and local time are not reflected in the plasma ion measurements, they may be caused by changes in the thermal properties of the electrons.
Small-Scale Variations
There are several occasions when the plasma was found to vary over a very short time scale. For example, saturated spectra were found for all three cups of the main sensor at 0937, when the magnitude of the single spectral peak was decreasing. Comparison of several spectra before and after 0937 UT suggests that if this anomalous spectrum was due to a variation in plasma flow, then the major perturbation lasted for •< 100 s. There was also a considerable change in the character of the spectra as discussed above.
If it was a feature corotating with the surrounding plasma, then this limited duration converts to a spatial scale of ,•5000 •'Predicted by model of torus from measurements on the inbound leg of the trajectory. (Figures 14a(i)-14a(iv) ) are for the isothermal model. The maps on the right (Figures 14b(i)-14b(iv) Table 1 gives the composition at the spacecraft location for various radial distances. Table 3 gives the corresponding bulk plasma properties.
kin. The plasma was a little cooler just before and after the saturated spectrum, as a second spectral peak was briefly discernible. While it is conceivable that a blob of newly ionized
The inner (cold) toms region seems to be very strongly dominated by ions with .,4/Z* --32 which are probably singly ionized sulphur. Table 1 Although the source for toms plasma appears to be Io, it is not clear exactly where the ionization takes place. The highenergy cutoff observed in spectra inside 5.7 R•, the existence of an extensive cloud of neutral sodium atoms, and the recent observations of neutral oxygen [Brown, 1980] near Io suggest that the sulphur and oxygen ions may come from clouds of neutral atoms. When picked up by the magnetic field, the freshly ionized particles would gain a gyro speed equal to the magnitude of the difference between the neutral atoms' original velocity and the local corotation velocity. At 6 R j, sulphur and oxygen ions would gain gyro energies of ~545 and ~270 eV, respectively. Most of this energy would have to be removed from the ions to produce the observed temperatures of less than 30 eV for the bulk of the plasma.
An alternative source mechanism could explain the low temperatures measured in the toms by producing ions which pick up smaller gyro energies. This would happen if the ionization occurred close to Io, where currents generated in the complicated interaction of the magnetospheric plasma with the satellite reduced the local corotational electric field [Goertz, 1980] . The problem with such a localized source mechanism is that the Voyager ultraviolet measurements in- The 'wedge' shape of the emitting S* cloud illustrated by the images of Pilcher and Morgan [1980] and deduced from earlier observations [Nash, 1979] indicate the temperature transition from the warm toms to the cold toms. In fact, plasma temperatures as low as •2 eV and densities of 3000 cm -3 were predicted from the ground-based optical measurements as early as 1976 [Brown, 1976] . The O* emission observed by Pilcher and Morgan [1980] came from a region which is extended further away from the centrifugal equator than the region of sulphur emission. This is consistent with the ions having a similar temperature so that the oxygen ions have a larger effective scale height. However, the UVS obser- To determine the variation of plasma density along a magnetic field line in the Io plasma torus, several simplifying assumptions have been made. First of all, the system is taken to be in a steady state, since the characteristic time scale for difare not all uniquely determined, so it has been necessary to fusion is of the order of several days, while typical bounce pcconstruct models based on the available data. A range of riods range from seconds for electrons to a few hours for cold, plasma parameters for the Io plasma torus has been determined from the data and is presented in this paper. These parameters can be tested to see if they are consistent with both direct observations of the electron number density by other instruments on the same spacecraft and indirect determinations of quantities such as the source strength, diffusion rates, the emission and propagation of electromagnetic waves, etc. There is a great wealth of information from the Voyager 1 traversal of the inner magnetosphere which has by no means been fully tapped. The analysis of the plasma data alone is far from exhaustive, and the picture of the Io plasma torus should eventually be much clearer when the clues from different observations are put together.
The main features of the inner magnetosphere that have been determined from the Voyager plasma measurements are the following:
1. There are two distinct regions of plasma torus. In the inner part (<5.5 Rj) the cold (<1 eV) plasma is closely confined to the centrifugal equator (density scale height of •0.2 R j), and the ions appear to be isothermal. Between (5.5 to 7. 
where Pe and Pi are the partial pressures of the electrons and each ionic species (0; me, mi, he, hi, Zi* correspond to mass, number density, and charge state; s is the distance along the field line; f is the 'gravitational' term which includes the effects of centrifugal acceleration and can be determined for the simple geometry of a dipole magnetic field. These two sets of equations are coupled by the preservation of local charge neutrality, rte hø'+ rte cøld= E Z,*n, Gledhill [1967] was the first to apply these expressions to Jupiter's magnetosphere. He showed that because of Jupiter's rapid rotation the centrifugal contribution will dominate the gravitational force so that a plasma with a single ionic species will find an equilibrium position at the furthest point along the field line from the rotational axis of the planet. Gledhill also noted that because of the 10 ø tilt of the magnetic axis with respect to the rotation axis, the equilibrium position is on a surface between the magnetic and rotational equatorial planes. Hill et al. [1974] have called this plane the 'centrifugal symmetry surface.' As true gravitational forces can be neglected at distances greater than 2 Rs [Michel and Sturrock, 1974] , the equilibrium position of the plasma is found where the sum of field-aligned components of the remaining forces become zero [Siscoe, 1977] (14) ) and because nfiøt/n.•a has a value of less than 1% in the torus. All of these uncertainties in the electron parameters have a smaller effect than the uncertainties in T, due to the two different thermal models used in the fit procedure in the warm torus. In the cold torus the electrons were not detected as they were below the energy per charge threshold of the instrument. Therefore inside 5.7 Rj all the electrons were arbitrarily assumed to be at the same temperature as the ions.
